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Abstract: The Cerro Marcelinos (CM) and Cerro Colorado (CC) plutons are part of the Candela-Monclova intrusive belt (NE Mexico),
which is mid-Eocene in age (43–35 Ma). It intrudes into the Sabinas Basin, primarily made up of limestones, of Lower and Upper
Cretaceous age. Around several intrusions, including the CM and CC plutons, mineralizations are known. However, how much hidden
mineralizations would occur is not known. Trends within the plutons and in contact aureoles are also poorly described at present.
Therefore, we provide here in situ magnetic susceptibility (MS) and gamma ray spectrometry (GS) data along two composite transects,
one in each pluton, to delineate such potential trends. The data show variations of 0.003 × 10–3 SI and 104 × 10–3 in MS and of 7.1 nGy/h
and 196 nGy/h in GS with a clear relation to rock type and amount of metasomatism. The radioactive contents in the outcrops of contact
metamorphic rocks indicate a contact metasomatism with differing degrees of alteration during emplacement of the plutons. The host
limestones have magnetic minerals incorporated during the intrusion process. MS and GS indicate an increase in the degree of acidity
towards the center of both plutons, possibly associated with the later stages of the magmatic differentiation process. The MS could divide
the igneous rocks into two groups, weakly magnetic (group 1 with MS ≤ 3 × 10–3 SI) and strongly magnetic (group 2 with MS > 3 ×
10–3 SI), associated with the magnetite and ilmenite series, respectively. These classes provide useful information regarding the internal
magnetic zoning in the plutons, which can be associated with mineralizations of mainly Au and Cu. Mainly, the magnetite series (group
2) delimited more perspective zones for mineral exploration. This zoning in MS could guide future mineral exploration in both plutons.
Key words: Candela-Monclova intrusive belt, Cerro Colorado pluton, Cerro Marcelinos pluton, magnetic susceptibility, gamma
spectrometry

1. Introduction
The geology of northeastern Mexico is characterized by
several magmatic events, during which many intrusions
were emplaced. The Sabinas Basin is one of the main
structures resulting from this geological evolution
(Wilson, 1990; Goldhammer, 1999). The Laramide
orogeny (Late Cretaceous to Paleogene) and younger
events of extensional nature in the region were responsible
for the sedimentary sequence of this basin, with folding
and emplacement of numerous intrusions of different
compositions and ages. The Candela-Monclova Intrusive
Belt (CMIB, Figure 1) formed in the mid-Eocene and is
associated with different types of mineralization (Sewell,
1968; Chavez-Cabello et al., 2011). Our understanding of
some of the intrusions is still incomplete, in particular the
Cerro Colorado (CC) and Cerro Marcelinos (CM) plutons
(Figure 1). Polymetallic deposits of Fe, Cu, Zn, Au, and

Ag are linked with these two plutons (Santiago-Carrasco
et al., 2001; SGM, 2005). Evidence is still required about
their internal zonation due to magmatic differentiation,
alteration intensity of host rocks, and the magmatic rocks
themselves that generate a contact metamorphism (contact
aureole), as well as the tectonic setting of both plutons and
host rocks.
Magnetic susceptibility (MS) and natural gamma
radioactivity (NGR) are two physical properties directly
related to the mineralogical composition of rocks (Brimhal
and Adams, 1969; Clark, 1997; Harenyama et al., 2006).
MS is mainly related to the content, distribution, types,
and characteristics of magnetic minerals (Clark, 1997),
whereas NGR is related to the mineralogical composition
of the rocks (Dickson and Scott, 1997). Processes related
to the genesis and emplacement of intrusions determine
their mineralogical compositions and, therefore, the
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Figure 1. The Candela-Monclova intrusive belt (modified from González-Ramos et al., 2008). a) Enlargement of the Cerro Marcelinos
(CM) pluton (modified from Santiago-Carrasco et al., 2001). b) Enlargement of the Cerro Colorado (CC) pluton (modified from SGM,
2005). Detailed locations of the samples are given in Figures 10 and 11.
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values of MS and NGR (Dickson and Scott, 1997; Aydin et
al., 2007; Oliveira et al., 2008; Maulana et al., 2013). In this
research, in situ measurements of MS and GS of the CC
and CM plutons are reported and used as a proxy of the
main characteristics of both intrusives.
2. Geological setting
The CMIB is located in Northeast Mexico in the Sabinas
Basin (Figure 1). This basin originated in the Late TriassicMiddle Jurassic during the opening of the Gulf of Mexico,
due to the fragmentation of the Pangea supercontinent
(Padilla and Sánchez, 1986; Wilson, 1990; Goldhammer,
1999). During the origin and evolution of this basin,
magmatism resulted in igneous rocks of many types and
ages. The CMIB is one such example of the intrusion of these
rocks during the Eocene and is composed of monzonites,
quartz-monzonites, quartz-diorites, monzodiorites, and,
to a lesser extent, granodiorites, diorites, and granites.
This intrusive belt has an E-W orientation and comprises
sixteen intrusions (Figure 1; Sewell, 1968; ChávezCabello et al., 2009). Most of these intrusions are formed
of subvolcanic rocks with porphyritic textures, with the
exception of the Cerro El Mercado. All the igneous rocks
are metaluminous, indicating great affinity with granites
generated in volcanic arcs (I-type granites) above the
subduction zone. The CC and CM rocks exhibit enrichment
of incompatible elements, such as Rb, Ba, and Th (ChávezCabello et al., 2009). The abundance of trace elements in
these rocks suggests that they were formed from magmas
generated by partial melting of the mantle during the
subduction of an oceanic plate (Farallon Plate) beneath
North America (Chávez-Cabello et al., 2009). During
magmatism, Mesozoic sedimentary rocks were folded,
fractured, and altered by metasomatic and hydrothermal
processes successively (SGM, 2005).
Both plutons, CM and CC, are composed of
granodiorites and diorites that intrude rocks of Cretaceous
sedimentary formations (mainly limestones), generating
contact metamorphism and producing hornfels (SantiagoCarrasco et al., 2001; SGM, 2005).
The plutons are found as stocks, dykes, and sills. In
the CM, the contact aureole has mineralized veins, in
which silicification and oxidation of Fe are observed, as
well as garnet and Cu carbonates (malachite and azurite).
These characteristics imply possible skarn deposits of Fe
and Cu at depth (Santiago-Carrasco et al., 2001). At the
CC, the contact zone between igneous and sedimentary
rocks (contact aureole) exhibits oxidation, argillization,
silicification, and epidotization. These processes are
associated with the formations of Cu-Fe skarn deposits
with subordinate values of Au and Mo. In this contact
aureole the mineralization appears disseminated or in
veins inside the cornean rocks. The mineralogy includes

pyrite, pyrrhotite, traces of chalcopyrite, bornite,
malachite, azurite, pyrolusite, magnetite, specularite,
hematite, limonite, quartz, and calcite (SGM, 2005).
3. Acquisition and processing of data
In situ measurements of MS and NGR were carried out
at 164 outcrops of igneous, sedimentary (limestone), and
metamorphic rocks (belonging to contact metamorphism
aureole). These outcrops are located in three transects
in the CC pluton and in the CM pluton (Figure 1). This
latter physical property of the rocks is obtained through
gamma spectrometry (GS) measurements emitted by the
radioactive isotope K40 and radioactive isotopes of the U238,
U235, and Th232 series (Dickson and Scott, 1997).
Using a geological map at a scale of 1:50,000 taken
from Santiago-Carrasco et al. (2001) and SGM (2005),
the transects are located to cut the plutons and their host
rocks (Figure 1). Five measurements of the MS were taken
at each sampling location using a KT-10 Plus magnetic
susceptibility meter manufactured by Terraplus Inc. This
instrument has a maximum sensitivity of 1 × 10–6 SI units
and a measurement range of 0.001 × 10–3 to 9999.99 ×
10–3 SI units on smooth surfaces for MS measurements.
Note that these measurements do not provide volume MS,
only a relative measurement. The susceptibility meter was
placed directly on the rock, on a relatively flat surface of the
rock, because MS measurements are significantly affected
by the flatness of the measurement surface as 95% of the
signal is integrated in the first 3 cm (Lecoanet et al., 1999).
Therefore it is necessary to make the measurements on a
surface as flat as possible. Generally, those surfaces do not
show visible signs of weathering. The GS was measured on
the rock face directly with a RS-125 portable gamma-ray
spectrometer manufactured by Radiation Solutions Inc.,
which has four channels that record: total gamma intensity
(nGy/h), concentrations of potassium (K in %), equivalent
uranium (eU in ppm), and equivalent thorium (eTh in
ppm). Potassium concentrations are obtained from the
peak of K40, while uranium and thorium concentrations
are estimated from radioactive isotopes of the U238, U235,
and Th232 series. For this reason, the term “equivalent” or its
abbreviation “e” is used to indicate uranium concentrations
(eU) estimated from the U238 and U235 series, as well as
thorium concentrations (eTh) estimated from the Th232
series. This spectrometer has high sensitivity with a
large 2.0 × 2.0 NaI crystal of 103 cm3, which allows high
detection efficiency and takes readout in % of K and ppm of
U and Th. One measurement of GS was performed for 120
s at each sampling location. Rock samples were collected
at various sampling locations of the studied transects
based on the MS and GS values. Petrographic analysis
was performed on thin-section and polished surfaces to
assess the main minerals of the rocks, including those that

581

BATISTA RODRÍGUEZ et al. / Turkish J Earth Sci
contribute most to the values obtained from MS and GS.
All data obtained were statistically processed, calculating
minimum, maximum, geometric mean, and histograms of
the dataset, as well as the geometric mean and standard
deviation in each igneous rock group. In the calculation
of the histograms, two class intervals (MS ≤ 3 × 10–3 SI
and MS > 3 × 10–3 SI) were selected to classify mainly the
igneous rocks as weakly magnetic and strongly magnetic
(Clark, 1997; Oniku et al., 2008). The weakly magnetic
igneous rocks will be associated with the ilmenites series
and the strongly magnetic igneous rocks will be associated
with the magnetite series (Ishihara, 1977; Ishihara et al.,
2000; Maulana et al., 2013). A joint interpretation of the
geophysical data with the geological and petrographic
information was carried out.
4. Results
Throughout the studied transects, there are outcrops
of igneous and metamorphic rocks not reported on the

geological maps at the 1:50,000 scale taken as the basis
for this research (Santiago-Carrasco et al., 2001; SGM,
2005). Therefore, CC and CM plutons have a greater
spatial distribution than that shown on the geological
maps (Figure 1). For these reasons, there are igneous rock
outcrops in all transects.
Previous studies of both plutons (Santiago-Carrasco
et al., 2001; SGM, 2005) reported that the geological
characteristics observed along the transects are also
found in other areas of them. Therefore, it is possible to
characterize each pluton using three one-dimensional
transects.
Along the transects of both plutons all rocks are
fractured and weathered (Figures 2a–2d and 3a–3d). In
the igneous rocks, these processes are observed mainly
towards the borders of plutons (Figures 2b, 2c, 3b, and
3c). The fracture density of the igneous, sedimentary, and
metamorphic rocks enabled in situ MS measurements
of the nonfractured sections of these rocks to be taken.

Figure 2. The CC pluton. a) Fractured carbonated rocks with laminar appearance. b) Intrusive rock with intense chemical weathering.
c) Fractured intrusive rocks with light chemical weathering. d) Fractured metamorphic rocks with light chemical weathering. Yellow
arrows indicate fractures.
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Figure 3. The CM pluton. a) Carbonated rocks with fissures filled with Fe oxides and hydroxides, b) large blocks of intrusive rocks, c)
highly fractured igneous rocks within metamorphic rocks, d) Fe mineralization. Yellow arrows indicate fractures.

The igneous rocks also show some mineralized zones,
mainly rich in Fe oxides and hydroxides (Figures 2b and
3d). Similarly, petrographic analysis also indicates these
minerals in other rocks (Figures 4–9).
4.1. Cerro Colorado pluton
4.1.1. Igneous rocks
The macroscopic analysis of igneous rocks suggests that
in the CC pluton the igneous rocks can be granodiorites
or diorites according to Chávez-Cabello et al. (2009).
Analysis of thin sections and polished surfaces does not
allow classification of these rocks, but it indicates that
the igneous rocks of this pluton are composed mainly of
phenocrysts of plagioclase and small crystals of pyrite and
Fe oxides and hydroxides (Figures 4 and 6).
4.1.1.1. Magnetic susceptibility (MS)
MS in both plutons exhibits a wide variability from 0.003 to
104 × 10–3 SI (Table; Figures 10 and 11), which is consistent
with the range of studied rocks (igneous, sedimentary, and

metamorphic rocks). The igneous rocks have the highest
values. In the CC pluton, these rocks have MS from 0.1 to
40 × 10–3 SI with a geometric mean of 1.58 × 10–3 SI (Figure
10). Such values can be controlled by both paramagnetic
and ferromagnetic minerals (Clark, 1997) such as iron
sulfides, iron oxides, and hydroxides according to sample
analysis (Figure 4, 6, 7, 8, and 9). The greatest variation
in MS is observed in igneous rocks (see the geometric
standard deviation in the Table), in which large differences
are found not only between the sampling locations but also
within a single location of a rock block (Figure 2c), e.g.,
sampling location 13 (P13) in transect 3 of the CC pluton
(Figure 10).
At the edges of both plutons, the rocks have relatively
low MS values, sometimes comparable with those of
the host limestone (Figures 10 and 11). The values and
variations of MS increase towards the inside of the plutons.
Specifically, the area covered by transect 2 in the CC pluton
(Figure 10) shows the greatest variation in the MS of the
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Figure 4. Images of thin sections of intrusive rocks located in CC pluton. Photomicrographs from: a) CO2 sample in transect 1 (P1),
b) CO8 sample and c) CO11 sample in transect 2 (P2) shown under transmitted light without analyzer. Dark colors indicate iron oxide
minerals, and Pl indicates plagioclase.

Figure 5. Reflected light images of thin sections of sedimentary rocks located in CC pluton. Transect 1 (P1). a, b) Photomicrographs
from the limestone close to the pluton (taken from Batista-Rodríguez et al., 2017). c, d) Photomicrographs of igneous rock shown under
reflected light without analyzer. Py indicates pyrite, Ox-Fe indicates iron oxides. CO3 and CO4 indicate sample numbers.
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Figure 6. Low-magnification binocular images of rocks located in the CC pluton. Transect 3 (P3). a, b, d, e) Igneous rocks. c, f)
Metamorphic rocks. CO16 to CO28 indicate sample numbers. Dark colors indicate iron oxide and hydroxide minerals.

igneous rocks. These variations are related to the changes
in magnetic mineral content in these rocks. For example,
samples CO8 and CO11 are both taken from this zone,
with sample CO11 presenting higher iron oxide mineral
content (Figure 4b and 4c). This area is located close to
the contact metasomatism zone (Figure 1), which in the
fieldwork shows a larger area than the one shown on the
geological map of the CC pluton (SGM, 2005).
Within the CC pluton in transect 3 (Figures 1 and 10),
the MS tends to decrease in both magnitude and range
variability, thus indicating a possible decrease in magnetic
mineral content. Petrographic analysis indicates a decrease
in the content of these minerals in rocks with lower MS
values. The CO25 sample is taken in igneous rocks with
higher values, unlike the CO27 and CO28 samples. The
first sample shows greater enrichment in iron oxide
minerals, according to its dark gray colors (Figure 6b).
The other two samples should be more enriched in iron
hydroxide minerals (brown color; Figures 6d and 6e), with
less magnetic minerals.
The MS values of igneous rocks in the CC pluton
show a bimodal distribution (Figure 12), which is typical
of these rocks due to low MS values of rocks dominated
by paramagnetic minerals, with high MS values for rocks
dominated by ferromagnetic minerals, such as magnetite,
hematite, and pyrrhotite (Clark, 1997; Oniku et al., 2008).
Thin-section analysis of samples of the CC pluton indicates
iron oxide minerals, possibly magnetite, as well as pyrite
and iron hydroxide minerals (Figures 4, 6a, 6b, 6d, and 6e).

Based on the MS values, the igneous rocks of both
plutons are classified into two groups (group 1: MS ≤ 3 ×
10–3 SI and group 2: MS > 3 × 10–3 SI; Figures 10, 11, and
12). The igneous rocks belonging to group 1 are classified
as weakly magnetic, whereas those of group 2 are classified
as strongly magnetic (Clark, 1997; Oniku et al., 2008).
According to this classification, we conclude that the
principal magnetic carriers of group 1 rocks could be
paramagnetic minerals, such as ferromagnesian silicates,
Fe sulfides, etc. (Oniku et al., 2008). For the igneous
rocks of group 2, the principal magnetic carriers could
be ferro/ferrimagnetic minerals, such as magnetite,
titanomagnetite, pyrrhotite, and ilmenite (Clark, 1997;
Oniku et al., 2008).
The analysis of the MS histograms of the two plutons
(Figure 12) indicates that group 1 also includes all
sedimentary and metamorphic rocks and represents 65%
of the measurements on various types of igneous rocks.
Therefore, group 2 in both plutons only includes 35% of
the measurements in these rocks.
4.1.1.2. Gamma ray spectrometry (GS)
GS values have a wide variation along the transects in
both plutons (Table; Figures 13 and 14). The eU, eTh, and
K contents are different in each rock type and outcrop
studied. The igneous rocks of the CC pluton have K
content from 1.1% to 4.2% with a geometric mean of 2%,
eU content from 0.4 to 4.9 ppm with a geometric mean
of 1.85 ppm, and eTh content from 3.7 to 11 ppm with a
geometric mean of 6.4 ppm. In these rocks, the GS total
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Figure 7. Images of rocks located in CM pluton. Transect 1 (P1). Photomicrographs of intrusive rocks: a) MA6 sample and b) MA14
sample shown under transmitted light without analyzer. Dark colors indicate iron oxide minerals. Low-magnification binocular images
of a limestone rock: c, d) MA2 sample. Brown color indicates iron oxide and hydroxide minerals.

values, as well as the eU, eTh, and K contents, increase
towards the inside of plutons (Figures 13).
4.1.2. Sedimentary rocks
In the CC pluton the host sedimentary rocks sometimes
show comprehensive degrees of metamorphism (Figure 2a)
and have pyrite with rectangular faces (Figure 5; BatistaRodríguez et al., 2017), as well as iron oxides and hydroxides
(Figures 5, 7c, and 7d).
4.1.2.1. Magnetic susceptibility (MS)
Generally, the sedimentary rocks in both plutons have the
lowest MS values (Table; Figures 10 and 11), which suggests
that MS is carried mainly by paramagnetic minerals
(Carmichael, 1989). In the CC pluton these rocks have MS
from 0.03 to 0.55 × 10–3 SI with a geometric mean of 0.21 ×
10–3 SI (Table; Figures 10).
In both plutons, the outcrops of sedimentary rocks show
marked differences in MS values (Figures 10 and 11). For
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example, the sedimentary rocks of transect 1 of the CC pluton
have lower MS that these same rocks located in transects 2
and 3, closer to the center of the pluton. The increase in the
MS values of the sedimentary rocks should be linked to their
enrichment in iron oxides during the emplacement of the
intrusives. This is evidenced in thin-section analysis of the
limestone sample (CO23 sample; Figures 5a and 5b) taken
in transect 1 of the CC pluton (Figure 10).
4.1.2.2. Gamma ray spectrometry (GS)
The sedimentary rocks of the CC pluton have K content from
0.5% to 1.6% with a geometric mean of 1.0%, eU content
from 1.5 to 4.5 ppm with a geometric mean of 2.7 ppm, and
eTh content from 2.1 to 6.8 ppm with a geometric mean
of 4.5 ppm (Table). These rocks are more radioactive than
those of the CM pluton and generally are more enriched in
eU and eTh. According to the eTh/eU ratio, the eU increases
more than the eTh.

BATISTA RODRÍGUEZ et al. / Turkish J Earth Sci

Figure 8. Low-magnification binocular images of intrusive rocks located in CM pluton. Transect 2 (P2). Dark colors indicate iron oxide
and hydroxide minerals.

4.1.3. Metamorphic rocks
In the CC pluton, these rocks are fractured, forming blocks
with different dimensions (Figure 2d). Dark colors indicate
iron oxides and hydroxides minerals (Figures 6c and 6f).
In this contact metasomatism zone of the CC pluton
the metamorphic rocks can present MS values relatively
similar to some igneous rocks (Figure 10), indicating their
enrichment in magnetic minerals. For example, the CO20
sample of metamorphic rock has dark colors that suggest
iron oxides and hydroxides minerals (Figure 6c).
4.1.3.1. Magnetic susceptibility (MS)
The metamorphic rocks in the CC pluton have MS from
0.43 to 0.91 × 10–3 SI with a geometric mean of 0.66 × 10–3
SI (Table; Figures 10), suggesting magnetic carriers similar
to those of sedimentary rocks (paramagnetic minerals).
4.1.3.2. Gamma ray spectrometry (GS)
In the CC pluton, the metamorphic rocks have higher
contents of the radioactive elements and are more
radioactive than those of the CM pluton. These rocks have
K content from 1.5% to 4.6% with a geometric mean of
2.3%, eU content from 1.1 to 5.2 ppm with a geometric
mean of 3.0 ppm, and eTh content from 5.7 to 14 ppm with
a geometric mean of 10 ppm (Table).
4.2. Cerro Marcelinos pluton
4.2.1. Igneous rocks
According to Chávez-Cabello et al. (2009), the igneous
rocks in the CM pluton may also be granodiorites or

diorites rocks, which are also mainly composed of
plagioclase phenocrysts, small pyrite crystals, and Fe
oxides and hydroxides (Figures 7, 8, and 9).
4.2.1.1. Magnetic susceptibility (MS)
In the CM pluton, the igneous rocks have MS from 0.01
to 104 × 10–3 SI with a geometric mean of 1.1 × 10–3 SI
(Table; Figure 11), indicating that this physical property
can be controlled by both paramagnetic and ferromagnetic
minerals. In this pluton, variations of MS values are often
related to variation in the color of the blocks (Figure 11c).
For example, red blocks have higher MS values than gray
ones. According to the microscopic analysis of a sample
taken from a red block (MA25 sample), the higher MS
values are related to iron oxide and hydroxide (Figure 9c).
The intermediate areas of the three transects in the CM
pluton show the greatest variation in the MS of the igneous
rocks. These variations can be related to the changes in
iron oxide and hydroxide mineral contents, according
to changes in dark colors of the MA6, MA7, and MA9
samples (Figures 7, 8b, and 8c). These areas are located
close to a contact metasomatism zone observed in the
fieldwork. This zone is not shown on the geological map
due to its scale (Santiago-Carrasco et al., 2001).
At the outer end of the three transects in the CM pluton
(Figures 1 and 11), MS shows a tendency to decrease in
magnitude and range variability. Petrographic analysis
indicates a decrease in the magnetic mineral contents of
rocks with lower MS values. The MA11 sample was taken
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Figure 9. Low-magnification binocular images of intrusive rocks located in CM pluton. Transect 3 (P3). Dark colors indicate iron oxide
and hydroxides mineral.

from igneous rocks with higher values than the MA12 and
MA29 samples. The first sample has more enrichment in
iron oxide minerals (Figures 8e, 9d, and 9f).
The bimodal distribution of the MS values of igneous
rocks in CM plutons (Figure 12) can be related to iron
oxide minerals, possibly magnetite, as well as pyrite and
iron hydroxide minerals, detected in thin-section analysis
(Figures 7a, 7b, 8, and 9).
4.2.1.2. Gamma ray spectrometry (GS)
The igneous rocks of the CM pluton have higher contents
of the radioactive elements and are more radioactive than
those of the CC pluton. These rocks have K content from
1.2% to 6% with a geometric mean of 2.5%, eU content
from 0.6 to 9.1 ppm with a geometric mean of 2.3 ppm,
and eTh content from 4.3 to 30 ppm with a geometric
mean of 9.3 ppm.
The GS total values, as well as the eU, eTh, and K
contents, also increase towards the inside of pluton
(transect 3 in Figure 14). The petrographic analysis of four
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samples of transect 3 (Figure 14), suggests an increase in
the content of the felsic minerals of the rocks (possibly SiO2
rich minerals; Figure 9) towards the inside of the pluton.
4.2.2. Sedimentary rocks
The host sedimentary rocks in the CM pluton are enriched
in Fe oxides and hydroxides (Figures 3a, 7c, and 7d). These
host sedimentary rocks have higher values of MS than
those of the CC pluton, with MS from 0.003 to 0.59 × 10–3
SI and a geometric mean of 0.05 × 10–3 SI (Table; Figure
11). These rocks also have K content from 0% to 3.3% with
a geometric mean of 1.0%, eU content from 0 to 6.9 ppm
with a geometric mean of 0.3 ppm, and eTh content from 0
to 16 ppm with a geometric mean of 1.6 ppm.
4.2.3. Metamorphic rocks
Within the metamorphic rocks of the CM pluton there are
small injections of intrusions (Figure 3c). These rocks have
lower magnetic values than the sedimentary rocks, with
MS from 0.01 to 0.21 × 10–3 SI and a geometric mean of
0.06 × 10–3 SI (Table; Figure 11). Also, these rocks have K
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Table. Descriptive statistics of in situ measurements of MS (×10–3 SI) and GS in rocks of the CC and CM plutons. N1, N2, and N3:
Number of MS measurements in igneous, metamorphic, and sedimentary rocks, respectively. M1, M2, and M3: Number of GS
measurements in igneous, metamorphic, and sedimentary rocks, respectively. Min., Max., and M.: Minimum, maximum, and geometric
mean, respectively. R: eTh/eU.
Cerro Colorado pluton
Igneous rocks

Metamorphic rocks

Sedimentary rocks (limestones)

MS

It

K

eU

eTh

R

MS

It

K

eU

eTh

R

MS

It

K

eU

eTh

R

Min.

0.1

35
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Figure 10. MS variations in outcrops of the CC pluton. a) Outcrops of igneous, sedimentary, and metamorphic rocks; b) outcrops of
igneous rocks, in which vertical arrows indicate the start of each transect and P13 and circle indicate two groups of measurements in the
same block of igneous rocks. 1 and 2 indicate groups of rocks. CO2 to CO28 indicate sample numbers.

content from 0.2% to 0.5% with a geometric mean of 0.3%,
eU content from 0.8 to 2.0 ppm with a geometric mean
of 1.4 ppm, and eTh content from 1.0 to 5.4 ppm with a
geometric mean of 3.6 ppm (Table).
5. Discussion
5.1. Comparison of the CC and CM plutons
In the study area, the more basic igneous rocks are located
in the CC pluton according to their highest values of MS
(see maximum and geometric mean; Table) that indicate a
high content of paramagnetic and ferromagnetic minerals.

These rocks are mostly located in transect 2 (P2) (Figure
10), outside of the contact metasomatism zone (Figure 1).
GS data also support this by identifying the igneous rocks
of the CM pluton as more radioactive and therefore more
acidic than those of the CC pluton.
The higher GS values in the final sections of the transects
in the CM pluton and in the final section of transect 3 (P3)
of the CC pluton (Figures 13 and 14) support the approach
of higher acidity in the igneous rocks located near the
center of the CM pluton. Also, the igneous rocks of this
pluton show a larger geometric standard deviation (Figure
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Figure 11. MS variations in outcrops of the CM pluton. a) Transect 1 (P1). b) Transect 2 (P2). c) Transect 3 (P3). Blocks 1 and 2 indicate
blocks of igneous rocks. Gray and red indicate the color of the igneous rocks. MA1 to MA29 indicate samples numbers.

Figure 12. MS histograms of the three rock types in the plutons. a) CC pluton. b) CM pluton. 1 and 2 indicate groups of rocks according
to the values of MS. Numbers above the bars of the histograms indicate the percent of the total number of measurements of MS in each
type of rock. N indicates the number of observations in each rock type. M: Geometric mean. S: Geometric standard deviation.

12b), indicating greater heterogeneity regarding magnetic
properties.
The lower geometric mean value of the eTh/eU ratio in
the limestones of the CC pluton (Table) indicates greater
proportions of uranium compared to thorium. This is
possibly related to higher organic matter content in the
host limestone of this pluton compared with the CM
pluton.
5.2. Geological interpretation of the trends
5.2.1. Emplacement and metamorphism process
High and low values of MS and GS in all transects of
both plutons (Figures 10, 11, 13, and 14) are related
to the intercalations of limestones with igneous and
metamorphic rocks. These intercalations are indicators of
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the emplacement process of the plutons. It is possible that
intrusions utilized tectonic weaknesses as passageways of
emplacement causing additional structural deformation
(Figure 2a) and metamorphism of the host rocks.
The variability in MS values in the final section of transect
3 (P3) of the CC pluton (Figure 10), as well as the end of
the three transects of the CM pluton (Figure 11), suggests
emplacement of different igneous bodies formed during
multiple stages of magmatic differentiation. In addition, it is
possible that this variability, which indicates the destruction
of magnetic minerals (e.g., magnetite), originally occurred in
igneous rocks and was caused by said rocks’ metamorphism
(Clark, 1997). This approach is based on the location of the
contact metasomatism zone, in the initial and intermediate
section of transect 3 of the CC pluton (Figure 1).
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Figure 13. GS measurements in outcrops of the CC pluton. Vertical arrow indicates the start of each transect.

Figure 14. GS measurements in outcrops of the CM pluton. Vertical arrow indicates the start of each transect. 1, 2, 3, and 4 indicate
locations of the MA18, MA24, MA25, and MA29 samples, respectively.

Outcrops of metamorphic rocks associated with
both plutons differ markedly in their radioactive
contents (Figure 13). Such differences indicate a contact
metasomatism with differing degrees of alteration during
emplacement of the plutons. The CC pluton has the
more radioactive metamorphic rocks. These rocks are
clearly more radioactive than the limestone host rocks.
The increase of eU, eTh, and K concentrations in these
metamorphic rocks is presumably related to the degree of
metasomatism by magmatic fluids.
In the CM pluton, the metamorphic rocks are less
radioactive than the limestone, suggesting that the original
concentrations of uranium, thorium, and potassium have
been depleted by alteration during the metamorphism.
The effect of this last mentioned process has been reported
in other research (e.g., Verdoya et al., 2001).
5.2.2. Weathering
Variations in the MS and GS values of the rocks in both
plutons (Table; Figures 10, 11, 13, and 14) indicate changes
in their mineralogical composition, which must be related
to the conditions of origin and later alteration (Brimhal
and Adams, 1969; Carmichael, 1989; Clark, 1997; Dickson
and Scott, 1997; Oniku et al., 2008). In addition, in both
plutons, the effects of contact metasomatism (SantiagoCarrasco et al., 2001; SGM, 2005) and intense weathering,
mainly chemical, are observed (Figures 1, 2, and 3).
Although the measurements of MS were performed on

surfaces that do not show visible signs of weathering, the
influence of leaching by hotter late magmatic fluids on the
values of this physical property is not ruled out. Therefore,
both processes can generate mineralogical change of the
altered rocks, which affects their magnetic and radioactive
properties. Chemical weathering can generate phases
of secondary minerals (e.g., clays and iron oxideshydroxides) from the alteration of primary phases (e.g.,
pyrite, feldspars, and micas). These secondary minerals can
contribute to the increase or decrease of gamma radiation
(Brimhal and Adams, 1969; Dickson and Scott, 1997) and
MS values (Clark, 1997; Batista-Rodríguez et al., 2017). In
particular, weathering leads to a loss of K in all rock types;
however, for felsic igneous rocks, this process leads to a
loss of uranium and thorium (Dickson and Scott, 1997).
This process also may lead to oxidation of magnetite into
hematite or goethite, thereby decreasing the MS of rocks
(Tarling and Hrouda, 1993).
The low MS values of the igneous rocks located in the
borders of the plutons are related to their high chemical
weathering (Figure 2b) because this process causes the
decrease of MS values (Clark, 1997; Batista-Rodríguez et
al., 2017). This probably occurs because of the alteration
of ferromagnetic minerals, producing minerals with
lower saturation remanence such as the transformation
of magnetite to hematite (Clark, 1997; Aydin et al.,
2007). The coloration of the rocks in some outcrops is in
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agreement with this scenario (Figures 2b, 2c, and 3c). At the
borders of the plutons, the greatest tectonism of the rocks
is also observed (Figures 2a and 3c), evidently related to
emplacement.
5.2.3. Characteristics and alteration of the host
sedimentary rocks
Differences in the eU, eTh, and K contents between outcrops
of limestones (Figures 13 and 14) suggest variations in the
degree of impurity and weathering of these rocks (Crick
et al., 1997; Ellwood et al., 1999). High eTh content and
sometimes K indicate that some of these limestones must
be highly siliceous.
The values of MS recorded in the limestones (Table)
suggest that their magnetic behavior is related to
paramagnetic and sometimes ferromagnetic minerals
identified by petrography, such as pyrite and iron oxides
and hydroxides (Figures 5a and 5b; Figure 7c and 7d). These
minerals increase the MS of the sedimentary rocks (Clark,
1997; Batista-Rodríguez et al., 2017). The origin of most
of these minerals can be linked to the alteration of these
rocks during the emplacement of the plutons. For example,
in the limestones surrounding the CC pluton, pyrites with
rectangular faces, i.e. with a cubic habitus, are observed
(Figure 5b), showing the epigenetic origin of this mineral. It
is possible that this mineral has been incorporated into the
sedimentary rock through hydrothermal processes during
the emplacement of the pluton (Batista-Rodríguez et al.,
2017).
Limestones of the three transects in the CC pluton have
different MS values, which suggest possible alterations of
these rocks by various geological processes. Specifically,
the limestones of transect 2 have higher MS than those
of transect 1 (Figure 10), showing the greater intensity
of the metasomatic process in the rocks of transect 2
and, therefore, greater enrichment in paramagnetic (e.g.,
epigenetic sulfides) and ferromagnetic minerals coming
from the intrusion. Generally, it is observed that the host
rocks close to the plutons have higher MS values than the
same facies remote from the influence of these plutons
(Batista-Rodríguez et al., 2017). This corroborates the
observed effect of emplacement of the plutons on the
magnetic composition of host rocks.
5.2.4. Magmatic differentiation
The increase of the eU, eTh, and K contents towards the
center of both plutons indicates an increase of silica content
and therefore a more acidic composition (Brimhal and
Adams, 1969; Harenyama et al., 2006), which is evidence
of the effect of magmatic differentiation (Oliveira et al.,
2008). This process can occur by various mechanisms, such
as fractional crystallization according to Bowen (1928)
and assimilation (DePaolo, 1981; Freund et al., 2013).
According to Dickson and Scott (1997), an increase in
SiO2 contents in the rocks causes an increase in uranium,
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potassium, and thorium contents, where Th is particularly
diagnostic. In addition, Chiozzi et al. (2007) indicated that
the concentration of uranium and potassium increases with
the degree of magma differentiation. The increases in the
three radioelements and the strong variations in the eTh
content suggest a marked magmatic differentiation during
the origin and emplacement of both plutons. According
to Brimhal and Adams (1969), all three radioelements are
excluded from the replacement of major element ions during
the early crystallization of magma, which usually occurs via
small quantities of silica, and are later incorporated into
accessory minerals, such as monazite, xenotime, zircon,
allanite, apatite, and sphene. Therefore, the GS data suggest
that igneous rocks closer to the center of both plutons have
high silica content, possibly associated with the later stages
of the magmatic differentiation.
The greater variations of MS in igneous rocks show their
high magnetic heterogeneities (Carmichael, 1989; Oniku
et al., 2008). This is shown in image analysis of polished
surfaces of intrusive rocks in both plutons (Figures 6, 8, and
9). Such variations are related to the effects of the magmatic
differentiation process during the origin of the plutons.
The decrease in the values and MS variations within the
plutons indicates that igneous rocks are less magnetic and
more homogeneous in terms of the distribution of magnetic
minerals. It is likely that the decrease of the MS values is
related to the alteration of the minerals, primarily by the
action of late magmatic or hydrothermal fluids, resulting in
the oxidation of Fe oxides (Lapointe et al., 1986). In these
zones, igneous rocks have lighter colorations (felsic rocks;
Figures 8a, 8e, 8f, and 9), suggesting their origin in the later
stages of magmatic differentiation, namely rocks highly
enriched in felsic minerals and poor in ferromagnesian
silicates, as well as iron oxides and hydroxides (Bowen,
1928). The decrease in MS values caused by the effects of
tectonism and weathering is not considered because both
processes are not well developed in this sector of the study
area; therefore, MS can nevertheless be used as a magmatic
differentiation index (Oliveira et al., 2008).
5.2.5. Classification of the igneous rocks
The eU, eTh, and K contents in igneous rocks of both plutons
are analogous to the ranges recorded in intermediate-basic
rocks in other regions of the world. These contents are
typical of diorites and granodiorites (Dickson and Scott,
1997; Chiozzi et al., 2007), which outcrop in the study
region according to Santiago-Carrasco et al. (2001) and
SGM (2005).
Results from elsewhere have suggested that acid and
intermediate intrusive rocks can be described as magnetic
when MS values are higher than 10–3 SI and weakly
magnetic when MS values are between 10–4 and 10–5 SI
(Bouchez, 2000). In this study we classify the rocks from
the two plutons into two groups based on the MS values
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(group 1 with MS ≤ 3 × 10–3 SI and group 2 with MS > 3 ×
10–3 SI). Using the spatial distribution of these groups, two
magnetic zones in both plutons are delimited. Groups 1 and
2 are located in zones I and II, respectively. These zones are
classified as weakly magnetic and strongly magnetic (I and
II, respectively; see Figures 10 and 11). Zone II is mainly
located inside the plutons and has rocks with MS controlled
by ferromagnetic minerals, unlike zone I, in which MS is
essentially related to paramagnetic minerals.
According to the MS values, the sedimentary and
metamorphic rocks are included in the first group of igneous
rocks (Figure 12) and, therefore, the magnetic carriers of
these two rock types could be similar and dominated mainly
by paramagnetic minerals.
Research carried out in other regions of the world uses
the magnetic minerals of granitoids (granites, granodiorites,
tonalities, etc.) to classify them into two series: magnetite
and ilmenite (Ishihara, 1977; Ellwood and Wenner, 1981;
Ishihara et al., 2000; Maulana et al., 2013). Magnetite and/
or magnetite-ilmenite predominate in the magnetite series,
whereas ilmenite and/or hemo-ilmenite prevail in the
ilmenite series. Generally, the granitoids of the magnetite
series have magnetite, ilmenite, and sulfides (e.g., pyrite,
chalcopyrite, and pyrrhotite), whereas ilmenite and sulfides
(e.g., pyrrhotite) are the principal magnetic minerals
in the ilmenite series (Whalen and Chappell, 1988). In
this research, the MS values and, therefore, the supposed
carriers of the magnetization suggest that the igneous rocks
of group 1 (MS ≤ 3 × 10–3 SI) belong to the ilmenite series
and the rocks of groups 2 (MS > 3 × 10–3 SI) to the magnetite
series (Ishihara, 1977; Maulana et al., 2013).
Unlike the CC pluton, in the CM pluton, there is an
increase in MS values towards the interior where group 2 of
the igneous rock predominates (Figure 11). This indicates
greater magnetism and therefore the predominance of
granitoids of the magnetite series in the last stages of the
magmatic differentiation process.
5.3. Potential mineralization
The classification of igneous rocks into groups and
their placement in one of the aforementioned series is
of great importance for mineral exploration because of
the mineralization types that can relate to the rocks of
these series. According to Ishihara (1977) and Blevin and
Chappell (1992), there is a clear correlation between the
MS of granitoids and their associated mineralization. For
example, Cu and Au are associated with the magnetite
series, intermediate I-type granitoid suites. In the CC
pluton, mineralizations of Cu, Au, Ag, Pb, and Zn are
reported, related with sulfides originating from metasomatic
processes. These mineralizations are located in the El
Regalo and La Poderosa mines (SGM, 2005; GonzálezRamos et al., 2008). Alternatively, in the CM pluton, Cu
and Fe mineralizations related to sulfides originating from

metasomatic processes also are described in the La Buena
Suerte and Marcelinos mines (Santiago-Carrasco et al.,
2001; González-Ramos et al., 2008).
As zone II predominates the mineralized areas of the
final section of the transects, it can be concluded that rocks
of the magnetite series predominate this area of strongly
magnetic igneous rocks. Therefore, the zones of granitoid of
the magnetite series in both plutons (igneous rocks with MS
> 3 × 10–3 SI) are zones of interest to locate and characterize
mineralizations rich in Cu and Au, as well as other reported
metals in these plutons. For this reason, it is possible to state
that the magnetic zonation in both studied plutons can be
used in future mineral exploration endeavors in these
plutons and in other regions with igneous rocks.
6. Conclusions
The analysis of MS and GS suggests possible changes in the
mineralogy of the igneous, sedimentary, and metamorphic
rocks of the CC and CM plutons. These mineralogical
changes are inferred to be related to the alteration that rocks
undergo during the origin and emplacement of plutons. The
alterations occur mainly by metamorphism and chemical
weathering. The effect of weathering is more evident towards
the border of the plutons. The differences between the
radioactive contents in the outcrops of metamorphic rocks
indicate a contact metasomatism with differing degrees of
alteration during emplacement of the plutons. The host
limestones show variations in the degree of impurity, which
can be related to magnetic minerals incorporated during
the intrusion process. Both physical properties suggest
an increase in the degree of acidity towards the center of
both plutons, indicating rocks most enriched in silica and
possibly associated with the later stages of the magmatic
differentiation process. Magnetic zones were defined in the
plutons, associated with two groups of igneous rocks (group
1 with MS ≤ 3 × 10–3 SI and group 2 with MS > 3 × 10–3 SI).
Group 1 is associated with the magnetite series and group
2 with the ilmenite series, which may be associated with
mineralizations of mainly Au and Cu. Mainly, the magnetite
series (group 2) delimited the more promising zones.
Therefore, MS provides useful information regarding the
internal magnetic zoning in the plutons. According to this
analysis in the CM pluton, the granitoids of the magnetite
series predominate in the last stages of the magmatic
differentiation process, whereas in the CC pluton in the
last stages of this process, the ilmenite series is present. This
proposed zonation is an important indicator for guiding
future exploration studies in comparable igneous terranes
elsewhere.
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